We study spatially indirect excitons of GaAs quantum wells, confined in a 10 µm electrostatic trap. Below a critical temperature of about 1 Kelvin, we detect macroscopic spatial coherence and quantised vortices in the weak photoluminescence emitted from the trap. These quantum signatures are restricted to a narrow range of density, in a dilute regime. They manifest the formation of a four-component superfluid, made by a low population of optically bright excitons coherently coupled to a dominant fraction of optically dark excitons.
We study spatially indirect excitons of GaAs quantum wells, confined in a 10 µm electrostatic trap. Below a critical temperature of about 1 Kelvin, we detect macroscopic spatial coherence and quantised vortices in the weak photoluminescence emitted from the trap. These quantum signatures are restricted to a narrow range of density, in a dilute regime. They manifest the formation of a four-component superfluid, made by a low population of optically bright excitons coherently coupled to a dominant fraction of optically dark excitons. Massive bosonic particles realise a rich variety of collective quantum phenomena where their underlying fermionic structure is nevertheless hardly observed [1, 2] . For example, Bose-Einstein condensation of atomic gases is generally understood by neglecting the atoms fermionic nature. Semiconductor excitons, i.e. Coulomb-bound electron-hole pairs, constitute a class of composite bosons which contrasts with this behaviour. Indeed, Combescot and co-workers have predicted that the fermionic structure of excitons leads to a multi-component condensate, with optically active and inactive parts that are coherently coupled through electron and/or hole exchanges between excitons [3] [4] [5] .
Widely studied GaAs quantum wells provide an interesting playground to demonstrate the predictions made by Combescot and co-workers, and then possibly conclude a fifty-year long quest for Bose-Einstein condensation of excitons [6] [7] [8] [9] . Indeed, in GaAs quantum wells lowest energy excitonic states exhibit a total "spin" (±1) or (±2). These states are then optically active and inactive respectively, dark states lying at the lowest energy. Neglecting exciton-exciton interactions, BoseEinstein condensation then leads to a macroscopic occupation of dark states so that the condensate is completely inactive optically [3] . Beyond a critical density, however, exciton-exciton interactions can dress the manybody ground-state. Fermion exchanges then become crucial because they can coherently convert opposite spin dark excitons into opposite spin bright ones [10] . Thus, a small bright component is possibly introduced coherently into the dark condensate [4, 5] . This results in a four-component many-body phase, which is grey, i.e. poorly active optically but possibly signalled by its weak photoluminescence coherent with the hidden dark part.
The dominantly dark nature of excitonic condensation manifests directly a high-temperature quantum phase transition. Indeed, in wide GaAs quantum wells the energy splitting between bright and dark states is of the order of µeV [6] , i.e. small compared to the thermal energy (∼2k B ) at the condensation threshold [12] . As a result, a macroscopic population of dark excitons violates classical expectations. This point of view has long been overlooked by research of a condensate of bright excitons [8, [13] [14] [15] , until recent works have instead pointed out experimentally the role played by dark states below a few Kelvin. These studies were realised with long-lived spatially indirect excitons [16, 17] , engineered by enforcing a spatial separation between electrons and holes, for instance by confining them in two adjacent GaAs quantum wells. Thus, a darkening of the photoluminescence has been reported below a few Kelvin [18] . Macroscopic spatial coherence of an anomalously dark gas has also been observed at sub-Kelvin temperatures [19] .
Very recently, we have reported an important step towards unambiguous signatures for the dark state condensation of GaAs excitons [1] . Precisely, we have shown that indirect excitons can be confined in a 10 µm electrostatic trap and studied at controlled densities and temperatures, in a regime of vanishingly small inhomogeneous broadening. This degree of control, never achieved before to the best of our knowledge, is necessary to evaluate the occupation of bright and dark states free from experimental uncertainties. Thus, we have shown unambiguously that the photoluminescence emission quenches below a critical temperature of about 1 Kelvin, when ∼10 4 indirect excitons are trapped [1, 4, 5] . The quenching was interpreted as the manifestation for the dark state condensation, however, the exact nature of the quantum phase remained inaccessible to these experiments relying on photoluminescence spectroscopy.
In this Letter, we report time and spatially resolved interferometry of the photoluminescence emitted by indirect excitons confined in a 10 µm trap, down to the regime of photoluminescence quenching. Below a critical temperature of about 1K, we demonstrate macroscopic spatial coherence and quantised vortices restricted to a small range of excitonic density, precisely in a dilute regime when 10 4 -2·10 4 excitons are confined in the trap. These superfluid signatures emerge for a population of bright excitons about 3 times smaller than the one of dark excitons. Our findings thus evidence quantitatively the theoretically predicted grey condensation of indirect excitons [4] . This shows that bilayer GaAs heterostructures, either studied by photoluminescence [23] [24] [25] [26] [27] [28] or transport techniques [29] [30] [31] [32] , open a versatile platform to develop quantum control in semiconductors. 
FIG. 1: (a)
A 100 ns long loading laser pulse injects indirect excitons in a 10 µm electrostatic trap. The reemitted photoluminescence is analysed in a 5 ns long detection window, at a variable delay to the end of the loading pulse, the sequence being repeated at 1.5 MHz for 10-20 seconds typical acquisition times. (b-e) Photoluminescence emitted from the trap, at T b =330 mK and for a delay of 150 ns so that the number of trapped excitons is ∼2·10
4 . Horizontal and vertical dashed lines highlight positions where we observe about 50 % intensity loss along both horizontal and vertical axis. This is shown by the profiles in (c-d) and (f-g) for the images shown in (b) and (e) respectively. Measurements have all been acquired successively for identical experimental settings, the acquisition time being 10s.
As illustrated in Fig.1 .a, our experiments rely on a 100 ns long laser pulse which loads indirect excitons in a shallow electrostatic trap. The latter is realised by controlling the electric field in the plane of two 8nm GaAs quantum wells, where photo-injected electrons and holes are confined (quantum wells being separated by a 4nm AlGaAs barrier -see Supplementary Materials for more details). In the following, we emphasise the photoluminescence reemitted between 150 and 200 ns after extinction of the loading laser pulse. This delay range corresponds to about twice the indirect excitons optical lifetime [12] .
During this time interval, the trapped gas is dilute and we estimate that the total number of excitons decreases from about 2·10
4 to 10 4 . Thus, we detect spectroscopically a highly non-classical population of optically dark indirect excitons at sub-Kelvin bath temperatures [1, 12] . At the same time the photoluminescence emitted at the center of the trap is homogeneously broadened (see Fig.S1 of the Supplementary Materials).
In Figure 1 .b we show the spatial profile of the photoluminescence emitted when ∼ 2·10 4 excitons are trapped at a bath temperature T b =330 mK. We strikingly note a very inhomogeneous intensity distribution, a dark spot being identified at the centre of the image, i.e. at the minimum of the trapping potential where the photoluminescence intensity is nevertheless the largest. At the centre of the dark spot we observe 50% loss of intensity ( Fig.1.c-d ) corresponding to a 2-fold decrease of the population of bright excitons. This variation marks a deviation of ∼5σ of the photoluminescence signal which is not interpretable in terms of intensity fluctuations.
In our experiments, the unambiguous detection of dark spots, as in Figure 1 .b, requires precise experimental settings. It is mostly achieved around the center of the trap, at sub-Kelvin bath temperatures and for less than about 4·10 4 confined excitons, that is later than 120 ns after extinction of the loading pulse. Experimentally, a statistically unambiguous detection of dark spots resumes to a tradeoff between the signal to noise ratio and the number of individual realisations that we average, that is the acquisition time. The latter can not exceed about 10 seconds, because at T b =330 mK dark spots emerge at uncorrelated positions during unchanged experimental settings. This behaviour is signalled by comparing the emission profiles shown in Fig. 1 .b and 1.e. Both were recorded successively and in the same conditions, nevertheless they exhibit intensity losses localised at distinct positions in the central region of the trap.
We interpret the dark spots in the photoluminescence as a direct manifestation for the disorder of our electrostatic confinement. In Ref. [1] we have already highlighted that the trapping potential fluctuates during our experiments. The level of electrostatic disorder is such that it leads to stochastic variations of the photoluminescence spectral width, from ∼300 µeV to ∼1 meV and within a timescale of a few seconds at T b =330 mK. However, the electrostatic disorder can be turned into an advantage to signal quantum fingerprints for the regime of photoluminescence quenching [1] . Indeed, defects of the confining potential are energetically favourable positions to localise quantised vortices and thus reveal a superfluid behaviour. Vortices could then remain pinned in the trapping potential, the only situation to actually detect them by our experiments which rely on averaging ∼ 10 7 single-shot images during 10 seconds.
To asses whether dark spots detected at the center of the trap can manifest quantised vortices pinned by electrostatic disorder, we analysed the spatial coherence of the photoluminescence with a Mach-Zehnder interferom- eter. The interferometer is stabilised with a vanishing path length difference between its two arms, one of which horizontally displaces its output by 2 µm compared to the other arm [19] , i.e. by ten times the thermal wavelength of excitons at our lowest bath temperature. Due to a vertical tilt angle deliberately introduced between the two arms, a condensate with complete long-range order leads to horizontally aligned interference fringes ( Fig.2.a) . A vortex pinned around the center of such condensate then appears through the inclusion of a "ring" in the central bright fringe, as shown in Fig. 2 .b. This pattern is understood by noting that on each side of the ring the vortex and its shifted image interfere with 2 µm distant regions where the phase is well defined. Fork-like dislocations are thus created at these two locations since the phase of the wavefunction winds by 2π around the core of a vortex [2] . The superposition of the two mirrored and shifted forks leads then to the "ring" shown in Fig. 2 .b, making this interference pattern topologically recognisable. spectively, are reproduced by modulating the photoluminescence intensity profile with 23% interference visibility. The contrast providing the fraction of bright excitons in the superfluid phase [33] , we deduce that about one third of bright excitons evolve in a quantum condensed state for these experiments. Let us then stress that the results shown in Fig. 2 .c are obtained by post-selecting a particular realisation out of successive acquisitions, measured all under the same conditions. Such a post-selection is necessary because our studies suffer from electrostatic fluctuations. In fact, it is only for a particular confinement landscape that an individual vortex is possibly revealed, as in Fig. 2 .c. The electrostatic trapping potential has to be sufficiently regular for a superfluid to possibly form, and exhibit a defect capable to localise a single vortex around the center of trap, the position of this defect being stable all along the measurement time.
Without varying experimental conditions we also studied the evolution of quantum coherence while the exciton density varies in the trap. This is directly achieved by changing at the detection the delay to the end of the loading laser pulse ( Fig.1.a) . To reach conclusions that are not limited by potential fluctuations during our measurements, we successively recorded a set of 20 interference patterns, every 10 ns after the loading pulse. Fig. 3 .a shows that for delays shorter than 150 ns, i.e. when the trap confines more than about 2·10 4 indirect excitons, interference fringes are not resolved in the photoluminescence. By contrast, from 150 to 200 ns after optical loading, i.e., when the population of excitons in the trap decreases from 2·10 4 to 10 4 , Fig.3 .b-c shows that bright excitons exhibit macroscopic spatial coherence: interference fringes are clearly resolved in patterns that cover the center of the trap, i.e. an approximately 5x5 µm 2 region. At longer delays ( 200 ns), however, interference fringes are not detected clearly in our experiments.
The absence of interference pattern when the trap confines less than about 10 4 excitons is not very surprising. Indeed, in this regime repulsive interactions between excitons yield a low mean-field energy, of the order of potential fluctuations (∼ 500 µeV [1] ). The trapped gas is then probably too dilute to establish long-range coherence by screening electrostatic disorder [7] . On the other hand, it is more surprising that quantum coherence is not observed beyond a maximum of about 2·10
4 particles in the trap. Yet, this limit lies well in the dilute regime which excludes the role of exciton ionisation. However, excitons may already suffer from a too large deviation to ideal bosons beyond this range of density [35] . Also, one can not exclude that beyond 2·10
4 particles in the trap the strong dipolar interactions between excitons already lead to correlations which challenge the emergence of a collective quantum phase.
Last, we studied the dependence of the interference contrast as a function of the bath temperature. Let us restrict ourselves to the relevant range of delays to the loading laser pulse (150 to 200 ns). For the shortest delay, i.e. for ∼2·10 4 indirect excitons in the trap, Fig. 4 .a shows that the photoluminescence exhibits long range order at the center of the trap, up to a critical temperature T c ≈ 1.3K. The interference visibility, i.e., the fraction of bright excitons contributing to the superfluid, follows well the theoretical scaling proportional to 1 − (T b /T c ) 2 for two-dimensional particles in a trap [36] . Furthermore, Fig.4 .b shows that T c ∼1K when the density is decreased by around two-fold, i.e. at a delay of 200 ns after the loading pulse. This decrease of T c is expected [36] , however, quantitative conclusions are difficult to raise since our experiments are limited by the weak photoluminescence intensity. As underlined in Fig. 4 , our measurements suffer from a signal-to-noise ratio of less than 10 which leads to a minimum threshold for our interferometric detection of about 12%. Experiments displaying no evidence of spatial interference are then assigned 12% visibility.
Although quantum signatures are detected in the photoluminescence emitted by bright exciton states, crude estimations show that their occupation is too small to allow for a bright condensate independent from the underlying dominant population of optically dark excitons. Indeed, out of ∼10 4 excitons confined at T b =330 mK, about 3/4 populate dark states [12] . By only considering the remaining fraction of bright excitons, the critical temperature for quantum degeneracy would be less than 2 scaling of the condensate fraction, with Tc ∼ 1.3K and 1K for (a) and (b) respectively. In (a)-(b) the grey region marks the sensibility of our interferometric detection, i.e. the level fixed by the signal-to-noise ratio at the detection.
∼300 mK [12] . A fragmented condensate of bright excitons would then contradict our experiments which, as shown in Fig. 4 , reveal quantum coherence up to 1.3K, as expected for a few 10 4 excitons in the trap. Considering limiting factors, such as the strength of electrostatic disorder, it is actually excluded that such a low density of bright indirect excitons possibly condenses alone [7] . This leads us to conclude that dark and bright states are coherently coupled in our experiments, leading to the theoretically predicted four-component superfluid of indirect excitons [4] .
Finally, let us note that experiments with cold atomic gases have recently explored the superfluid quantum phase transition, by cooling a Bose gas at a variable rate. It was hence verified that the size of superfluid domains formed at the critical point decreases with the quenching rate [37, 38] , as prescripted by the Kibble-Zurek mechanism [39] . Here, we had to follow the opposite approach, because the bath temperature can be kept constant while the exciton density necessarily decreases slowly, due to radiative recombination. Thus, we observe that an initially dense gas, showing no evidence of long-range coherence, abruptly becomes superfluid below a critical density of a few 10 10 cm −2 at sub-Kelvin temperatures. In this regime, quantum signatures are resolved in the coherent photoluminescence radiated by the four-component and mostly dark condensate of excitons. Interestingly, this behaviour is restricted tor a narrow range of densities only.
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The sample studied here is identical to the one probed in Ref. [1] . It mainly consists of two 8 nm wide GaAs quantum wells which are separated by a 4 nm AlGaAs barrier layer. The two coupled quantum wells (CQWs) are positioned 150 nm above the n-doped GaAs layer that acts as bottom electrode of the field-effect device embedding the CQWs. To realise a 10 µm wide electrostatic trap, we use a set of 2 semi-transparent and metallic electrodes deposited on the surface of the field-effect device, i.e., 900 nm above the CQWs. In this geometry, the components of the electric-field applied by the gate electrodes are minimised in the plane of the CQWs which prevents undesired exciton dissociation. The general structure of our electrostatic trap is illustrated in Fig. S1 . The trap is engineered by a circular 10 µm wide central electrode separated by a 200 nm gap from its outer guard gate. Far from the edges of the electrodes, e.g., at the centre of the trap or under the guard, we have verified that the electric field amplitude perpendicular to the CQWs is accurately controlled by the static potentials we externally applied to each electrode. By imposing a bias onto the trap gate larger than the one applied onto the guard gate, deep electrostatic traps are formed for indirect excitons (IXs) [2, 3] . Indeed, Fig. S1 shows that IXs are characterised by their intrinsic electric dipole aligned perpendicular to the CQWs. They thus behave as high-field seekers, that is, they are attracted towards the regions of the CQWs where the perpendicular electric field is the largest.
Hard walls to confine indirect excitons in a shallow trapping potential can also be engineered with our device. Indeed, electrostatic barriers form spontaneously under the gap between our surface electrodes. We have verified that the barriers height amounts to at least 10 meV for IXs, even if the trap and the guard gate are polarised at the same potential. Under the trap gate the electrostatic confinement is then shallow and regular, that is why we have decided to apply the same bias to the trap and guard gates. We found a particular value of ∼-4.8V for which the dark current of the device was vanishingly small while the steady-state photo-current would not exceed 100 pA for our measurements at T b =330 mK. Fine experimental settings were motivated by the search for the spectrally narrowest photoluminescence. In particular, this implied that we aimed at the most stable conditions with the smallest amount of electrostatic fluctuations during our measurement sequence (15-30 seconds for a single acquisition). This approach brought us to regimes where the photoluminescence spectra are limited by our spectral resolution across the center of the trap when we observe superfluid signatures. This is shown in Fig. S1 .c-d that displays a spatially resolved photoluminescence emission recorded under the same conditions as for the measurements shown in Fig. 1 .b of the main text.
II. EXPERIMENTAL PROCEDURE
As in previous works, to optically inject electrons and holes in the CQWs we used a pulsed laser excitation tuned at resonance with the absorption of direct excitons of the two quantum wells. As shown in Fig. S2 , each pulse loads the two quantum wells with both electrons and holes. The electric field applied perpendicular to the heterostructure favours carriers tunnel towards their respective minimum energy states which lie in different quantum wells. As a result, spatially indirect excitons are formed by the Coulomb attraction between electrons in one layer and holes in the other layer. Indirect excitons are formed in few tens of ns and constitute the majority carriers already at the end of the laser excitation. In the case of our experiments probing a finite size electrostatic trap, we have shaped the spatial profile of the laser excitation such that it homogeneously covers the bottom of the trap which is about 5 µm wide. At the same time we ensured that the illumination outside the trap was negligible. The reemitted photoluminescence (wavy red arrows) is only due to the radiative recombination of lowest energy (k∼0) bright excitons (BX), i.e., lying at an energy smaller than the intersection between bright excitonic and photonic bands, BX and Ph respectively, occurring at E∼1.5 k B . Figure S2 shows that our experiments rely on a 100 ns long laser excitation which is repeated at a rate of 1.5 MHz. All measurements have been performed with a mean optical power equal to 700 nW, the incident laser power being actively stabilised in our studies. The photoluminescence emitted from the trap after the optical loading phase was directed towards an imaging spectrometer that allows us to study the spatial profile of the emission either in real or frequency space. As detailed in Ref. [1] , in the latter case we monitor both the energy and integrated intensity of the photoluminescence in order to estimate the fraction of bright and dark indirect excitons in the trap. The dynamics of the photoluminescence energy E X reflects the variation of the total exciton density n X , i.e., including both bright and dark excitons. Indeed, indirect excitons experience repulsive dipolar interactions in the dilute regime such that E X scales as u 0 n X at first order [4, 5] , u 0 ∼1meV for the density n X in 10 10 cm −2 units at which the trap confines ∼10
III. QUANTUM DARKENING AND DENSITY OF COLD INDIRECT EXCITONS
4 excitons. On the other hand, the sole fraction of bright excitons at lowest energy is directly given by the integrated intensity of the photoluminescence I X . Indeed, only bright indirect excitons with a kinetic energy lower than about 1.5 K contribute to the photoluminescence. This region of the excitonic band is usually referred to as the light cone and reduced to excitons with a vanishing in-plane momentum k (see Fig.S2 ). In (a-b) the initial grey region underlines a transient regime where we can not exclude that the trapped gas is not fully thermalised and also subject to a transient photocurrent. The light-blue regions underline the regime where we observe superfluid signatures. Figure S3 shows the dynamics of both I X and E X starting from 5 ns after the extinction of the loading laser pulse. In Fig. S3 , we compare two limiting cases, namely a thermal gas of excitons realised at a bath temperature T b =2.5 K, and a quantum gas of excitons realised at T b =330 mK. These two measurements are performed under the same experimental conditions, that is, the same laser mean excitation-power and the same voltages applied onto the gate electrodes. However, these measurements differ by the anomalous darkening in the dynamics of I X which is observed at the lowest temperature. Indeed, Fig. S3 .b shows that the integrated intensity decays 50% faster at T b =330 mK than at 2.5 K. Precisely, after a transient regime lasting about 50 ns after the laser excitation, I X has a characteristic decay time of ∼ 100 and 160 ns at 330 mK and 2.5 K respectively. Thus, 150-200 ns after the laser pulse I X is 2 times weaker at T b =330 mK revealing a strong depletion of coldest bright indirect excitons. By contrast, Fig. S3 .a shows that at T b =330 mK and 2.5 K the photoluminescence energy E X follows close dynamics which signals that the total density in the trap varies weakly between these two measurements. As detailed in Ref [1] , these combined observations reveal without ambiguity that a dominant fraction of IXs populates optically dark states at T b =330 mK. The large imbalance between bright and dark states occupation is highly non-classical (75% in dark states) because the energy splitting between these states reduces to a few µeV in our heterostructure [6] , that is about 10-fold less than the thermal energy at our lowest bath temperature.
IV. INTERFEROMETRIC MEASUREMENTS
To quantify the first order spatial coherence of bright indirect excitons we analyzed the photoluminescence emitted from the trap with a Mach-Zehnder interferometer. The photoluminescence was splitted between the arms 1 and 2 of the interferometer, and a vertical tilt angle α was deliberately introduced between the outputs of the two arms. Hence, interference fringes are aligned horizontally, α being set such that the interference period is ≈ 1.5 µm. From the spatial auto-correlation, the outputs produced by the two arms are laterally shifted by δ x = 2µm while the path length difference is stabilized close to zero. This allows us to derive the degree of spatial coherence of bright IXs which thermal de Broglie wavelength is bound to less than 300 nm for 10 4 excitons in the trap at T b =330 mK. Thus, a thermal gas of excitons leads to a vanishing interference contrast, as expected and verified at T b ∼2K in Fig. 4 of the main text.
The output of our interferometer, I 12 , can be modelled as I 12 (r; δ x ) = |ψ 0 (r, t) + e i(qαy+φ) ψ 0 (r + δ x , t)| arms by I 1 and I 2 respectively, we directly deduce that I int =(I 12 -I 1 -I 2 )/2 √ I 1 I 2 reveals the first order coherence function of indirect excitons, defined as
Indeed, I int (r;δ x )=cos(q α y + φ + φ r )|g
(1) (r; δ x )| where φ r is the phase of g (1) . Thus, we recover that interference fringes have a visibility controlled by the degree of spatial coherence of bright excitons. On the other hand, the position of the interference fringes reveals the argument of the g (1) -function, i.e., the phase difference between the interfering wave functions. g-h) . In (i) we note that the diffusion of vortices blurs and also bends interference fringes.
Interference patterns are directly simulated by modulating the spatial profile of the photoluminescence emission, with the above expression for I int . Starting with the simplest case, Figure S4 .c considers a condensate of bright excitons with complete long-range spatial coherence. As a result, the phase of ψ 0 is uniform and the output interference pattern consists of horizontally aligned fringes. Figure S4 .f shows a second scenario where one quantised vortex is constrained at the center of such a condensate. As mentioned in the main text, the phase of ψ 0 then winds by 2π around the core of the vortex. The interference between such singularity and its shifted mirror image then leads to the "ring" fringe shown in Fig. S4 .f. Finally, in Fig. S4 .g-i, we study a situation which probably matches best the conditions under which our experiments are performed. Indeed, we consider two vortices that can diffuse over a few microns in the condensate. Fig. S4 .i shows, as expected, that moving vortices tend to blur the interference signal, in a fashion which resembles the measurements shown in Fig. 3 .b.
-Analysis of interference patterns
In the main text we only report bare interference measurements, i.e. without applying any correction to the experimental data. These latter are simulated by fitting the two-dimensional profile of the photoluminescence intensity |ψ 0 (r)| 2 t which is then modulated according to the above expression for I int . The interference visibility |g (1) | is then extracted by reproducing the profiles taken along the vertical axis perpendicular to the fringe direction.
Let us finally note that we have set the Mach-Zehnder interferometer for δ x = 2 µm, first because the condensate extends over a region of about 5x5 µm 2 . Also, this value lies well above our optical resolution (∼ 1 µm) which is limited by mechanical vibrations in our cryostat. Thus, for δ x = 2 µm interference fringes form accros a region which is sufficiently large to be quantitatively analysed.
For larger values of δ x , however, the overlap between interfering regions is reduced further which hardens a quantitative discussion of quantum coherence.
V. ESTIMATIONS FOR BOSE-EINSTEIN CONDENSATION OF SPATIALLY INDIRECT EXCITONS
In GaAs coupled quantum wells, indirect excitons are characterised by an effective mass M X that is of the order of 0.2m 0 , m 0 being the electron mass. In addition, indirect excitons have a Bohr radius a X estimated to be ∼ 20 nm for our heterostructure and experimental settings. The regime in which we have typically 10 4 excitons in a 10 µm wide trap is dilute since n X a 2 X 0.2. The interexciton mean separation is then large compared to the Bohr radius.
By neglecting exciton-exciton interactions and fermion exchanges, we can get a crude estimate of the temperature T 0 for quantum degeneracy of a homogeneous gas of indirect excitons. For that purpose, we equalise the thermal de Broglie wavelength to the inter-particle distance. This leads to k B T 0 =n X (2π 2 )/(gM X ), where g denotes the degeneracy of the considered excitonic states. If we first consider 10 4 dark excitons, i.e. n X =10 10 cm −2 , for which g=2 and thereby T 0 ∼ 1.3K. By contrast, if we consider the fraction of bright excitons, which is damped to at most 3·10 3 in our measurements, the critical temperature drops by at least three-fold and then lies in the range of our lowest bath temperature. Our measurements being notably limited by electrostatic fluctuations of the
